Be-B/B-Ta based compounds are very attractive to researchers because of their high density and ultra-hardness. But ternary Be-B-Ta compounds are neither synthesized nor predicted. In this paper, variable composition evolutionary crystal structure prediction calculations based on firstprinciples method have been performed to find the stable crystal structure containing Be-B-Ta at ambient condition. The predicted five compounds BeB2Ta, BeB3Ta2 (high-pressure phase), BeBTa, BeBTa2, and Be2B2Ta have been found to be highly dense and very hard materials. All these compounds are metallic and spin-orbit coupling (SOC) effect is significant in them. Only two of them (BeB2Ta and Be2B2Ta) have been found to be superconductors within MigdalEliashberg theory. The calculated critical temperature including SOC effect is 8 and 9 K for BeB2Ta and Be2B2Ta, respectively. Because of their energetic and dynamic stability, these compounds might be favorable to synthesize in the laboratory.
Introduction
Beryllium (Be) and boron (B) are light elements with different electronic structures, first one is the metal and the second one is the semiconductor, while tantalum is the electron-rich transition metal. Beryllium has applications in X-ray equipment 1 , as effective moderators and reflectors for neutrons 2 , aircraft, rockets, etc. 3, 4 . The use of a glove box is very effective way to synthesize , IrN2 23 , RuO2 24 , WB4 25 , MnB4 and CrB4
26
. This method is very effective to design superhard materials. The different phases of tantalum borides (TaB, TaB2, Ta3B4) have been synthesized at ambient pressure 27 . It has been found that TaB and TaB2 have high hardness (~30 GPa) [27] [28] [29] . The theoretically calculated Vickers hardness of TaB is 28.6 GPa 30 . Thus, transition metal rich borides show good mechanical behavior for practical applications.
Boron-rich BeB2 and MgB2 shows superconductivity, although the first one has very low transition temperature (0.72 K) 8 , the second one has the highest transition temperature (39 K) among simple binary structure 31 . In MgB2, σ-band electrons strongly bonded with in-plane phonons to induce a high superconducting transition temperature. Boron-rich transition metal boride TaB2 might show superconductivity with a critical temperature of 9.5 K 32,33 , although others reported the absence of superconductivity 34, 35 . The strong hybridization between Ta 5d and B 2p orbitals outside the hexagonal basis plane might be responsible for the absence of superconductivity. So, Be 2s may change the nature of hybridization and brings the superconductivity. However, no one has been
reported it yet. The ternary compounds containing Be-B-Ta are still uninvestigated. From the above points of view, it is very interesting to study the possible crystal structure containing Be-BTa and their fundamental properties, such as electronic structure and superconducting properties.
In this work, variable-composition evolutionary crystal structure search calculations have been performed to find thermodynamically stable structure containing Be-B-Ta. The predicted BeB2Ta
(monoclinic), BeB3Ta2 (body-centered orthorhombic), BeBTa (hexagonal), BeBTa2 (basecentered orthorhombic), and Be2B2Ta (body-centered tetragonal), have been found to be highly dense and very hard materials. These compounds show metallic band structure and spin-orbit coupling (SOC) effect is significant in them. Only boron-rich (BeB2Ta and Be2B2Ta) have been found to be superconductors within Migdal-Eliashberg theory. Tantalum rich or equivalent stoichiometry compounds do not show superconductivity because of the dominant contribution of Ta-5d.
Results and Discussion

2.1.Structural properties
The ternary crystal structure search reveals many possible phases of Be-B, Be- Ta The calculated phase of hexagonal beryllium (P63/mmc, #194) 36, 37 , α-rhombohedral boron ( 3 ̅ , #160) 38 , and body-centered cubic tantalum ( 3 ̅ , #229) 39 are consistent with the available data.
The boron rich BeB2 (Cmcm, #63) is a thermodynamically stable structure, as reported in the Ref. 9, 12 . The present calculations also reproduce the previously reported stable structure TaB (Cmcm, Be-P6 3 /mmc #63) 27 , TaB2 (P6/mmm,#191) 27 , and TaB4 (C2/m, #12) 40 . Besides these phases, beryllium rich Be4Ta2 (Imma, #74), Be4Ta (I4/mmm, #139), and Be5Ta (P6/mmm, #191) are uncovered for first time. These phase are thermodynamically stable at ambient condition. However, several intermediate phases of Be-Ta) during solidification reported in Ref. 41 are not found in the present calculations. These beryllium rich phases will not be focused in this paper. The present crystal structure searches uncover five ternary stable phases containing Be-B-Ta. Among them, BeB2Ta
and BeB3Ta2 crystallize in a monoclinic with unique-axis c and body-centered orthorhombic structure, respectively, while tantalum rich BeBTa2 forms base-centered orthorhombic structure. With 1:1:1 stoichiometry, BeBTa forms a primitive hexagonal structure. Both beryllium and boron-rich Be2B2Ta crystalizes in body-centered tetragonal structure. The fully relaxed lattice parameters and density of these phases are listed in Table 1 . The calculated density of these phases suggests high hardness of them. The ground state crystal structure of these compounds are shown in Fig. 2 . BeB2Ta forms AgPtO2-type structure with one B-Ta layer 42 . The orthorhombic BeB3Ta2 forms NaPd3Si2 type structure 43 while BeBTa forms a hexagonal
YbPtP type structure 44 . The tantalum-rich BeBTa2 is a layered orthorhombic structure, like CeNiC2 45 . Both beryllium and boron-rich Be2B2Ta is a layered tetragonal structure. This is similar to the structure of ThCr2Si2
46
. The structure of Be2B2Ta consists of a stack of Be2B2 layers. Four
Be atoms surround four B atoms. On the other hand, B atom has four Be nearest neighbors and one B atom closet to it. The combination of them forms a tetragonal pyramid, as shown in Fig. 2(e). In BeB2Ta, BeB3Ta2, and BeBTa2, B and Ta atoms are bonded together while Be and B are bonded together in BeBTa and Be2B2Ta. To take into account the mechanical stability, the calculated elastic constants of these compounds are listed in Table 2 . The listed elastic constants fulfill the mechanical stability criteria for these systems described in Ref. 47 . Thus, they are mechanically stable crystal structures. The real phonon frequencies ensure the dynamical stability a crystal system. The calculated phonon dispersion relations of these compounds with and without spin-orbit coupling effect have no negative frequencies, as shown in the left panel of Fig. 5-6 .
Therefore, all these phases are dynamically stable at ambient condition. These results suggest that they are favorable to form at ambient condition. The critical value of Pugh's ratio of 1.75 differentiate the brittle and ductile materials 48 . The low value of Pugh's ratio for these compounds indicates their brittle nature. The calculated pressure dependent formation enthalpy of all stable phases is shown in Fig. 3 . All the predicted phases are thermodynamically stable up to the studied pressure range. It is interesting to note that BeB3Ta2 is more favorable to form at 15 GPa than that at the ambient condition.
Therefore, it can be regarded as a high-pressure phase.
Electronic properties
Since the predicted five compounds are stable, it is safe to proceed the description their electronic structure. The calculated electronic band structure, total and projected density of states of BeB2Ta states, this phase may be a potential two bands superconductor. Furthermore, all these bands are highly dispersive. The conduction bands and valence bands overlap each others indicating its metallic nature. Therefore, these materials would be very useful in different technological applications, for example as a superhard metallic conductor. Further theoretical studies and experimental synthesis of these phases are encouraged to clarify these predictions.
Superconductivity
The calculated electronic structure predicts that two phases of Be-B-Ta may be potential superconductors. Moreover, MgB2, a simple binary, shows high-temperature superconductivity 31 ,
although there are controversies about the superconductivity of TaB2 32, 34 . Therefore, it is interesting to study the electron-phonon interactions in Be-B- Ta However, this effect is much sensitive in Ta-rich BeB3Ta2 than that in BeB2Ta. Such an effect has been found in many elemental superconductors 53 . No imaginary frequencies in the phonon dispersion ensure the dynamical stability of both compounds. In the Migdal-Eliashberg formulism 54 , the Eliashberg spectral function is written as 55,56
where ( ) is the density of states at the Fermi level and is the electron-phonon linewidth for wave vectors and . The e-ph coupling distribution is shown in the phonon band structure (left panel of Fig. 6 ) by the red circles. The radius of the circle is directly proportional to the partial contribution of each phonon to the total e-ph coupling constant (λ). From the figure, the red circles are almost equally distributed among all of the phonon branches of BeB2Ta but some phonon branches of BeB3Ta2.
The e-ph interactions around the intraband nesting point Г are present. The strongest e-ph interactions of BeB2Ta are concentrated at Г-C-points but they are concentered around T-Wpoints in BeB3Ta2. It is clear that Ta atoms (acoustic phonons) have the dominant contribution to the total e-ph constant of BeB3Ta2 but both Be and B have significant contribution to e-ph constant of BeB2Ta. In a good electron-phonon superconductor, the e-ph coupling is usually concentrated in some phonon modes. Although BeB3Ta2 shows this type of distribution which can be seen from the almost perfect proportionality between phonon density of states and Eliashberg spectral function, the strength of e-ph coupling is very weak (small circle). But BeB2Ta shows deviation, although the strength of the e-ph coupling is strong (large circle).
Unlike BeB2Ta and BeB3Ta2, the hexagonal BeBTa and Ta like that in TaB2. Unlike the above two phases, the e-ph coupling of Be2B2Ta is almost equally distributed among all phonon modes. Like BeB2Ta, the phonon band structure can be divided into three regions. A large gap exists between ~180-350 cm -1 . Acoustic phonons arisen from Ta have little contribution to the total e-ph coupling. The optical phonons within the frequency range ~350-620 cm -1 have dominant contribution to the total e-ph coupling. These optical phonons arise from both Be and B atoms, where they move back and forth. Another peak in the atom projected phonon density of states of Be2B2Ta corresponds to the optical phonons arisen from B. Unlike BeB2Ta, the strongest e-ph couplings (see red circles in the left panel of Fig. 7(c) ) are concentred within Z to Г point. The three dominant peaks in the phonon dos correspond to the three peaks in the Eliashbergh spectral function as shown in the right panel of Fig. 7 (c). EF shows almost perfect proportionality with phonon dos, which is rare in some good e-ph superconductors. It is clear that SOC effect is less sensitive in this phase as compared to above-described phases. Only few phonon bands are split by SOC effect. The Eliashberg function of Be2B2Ta remains almost same when SOC effect is included in the calculation, as Be and B have dominant contribution to e-ph coupling.
By using the calculated Eliashberg spectral function, the logarithmic average phonon frequency ( ) can be calculated by peforming the following numerical integration 54,56
The calculated total electron-phonon coupling constant and logarithmic average phonon frequency of these phases are listed in Table- 3. The EPC of BeB3Ta2 and BeBTa2 is very small while BeBTa has a negligible EPC. According to the electronic structure and e-ph properties analysis, these results are not surprising. Only two B-rich phases (BeB2Ta and Be2B2Ta) have a higher EPC as compared to others, as expected. In all phases except BeB2Ta and BeB3Ta2, the SOC effect reduces the EPC constant slightly. The logarithmic average phonon frequency of all compounds except BeB2Ta and BeB3Ta2 is increased when the SOC effect is included.
Using the calculated EPC and logarithmic average phonon frequency, the superconducting transition temperature can be calculated by using the Allen-Dynes equation 55 ,56
where µ* stands for Coulomb pseudopotential constant and its value ranges between 0.1 and 0.15 57, 58 . Here, the most widely accepted value 0.1 of µ* has been used to evaluate superconducting transition temperature. Table- 
Conclusions
In summary, the stable crystal structure containing Be-B-Ta at ambient condition has been predicted by using variable composition evolutionary crystal structure search calculations based on first-principles method. 
Computational Methodology
The thermodynamically stable crystal structure searches for ternary Be-B-Ta were carried out with first-principles evolutionary algorithm implemented in USPEX code (Universal Structure Predictor: Evolutionary Xtallography) [59] [60] [61] [62] . This method of crystal structure search has been successfully applied in many systems (e.g., Refs. [63] [64] [65] [66] ). The calculation of lowest enthalpy phase of a given element composition was performed with the combination of USPEX and Quantum Espresso (for structural relaxation) 67 . At ambient condition, two separate variable composition ternary searches were carried out for 3-6 atoms per unit-cell and 6-12 atoms/unit-cell with the hope that no potential structures were missed out. When variable composition searches were finished, the structure searches at fixed composition predicted to be stable in the previous calculations were carried out with up to 22 atoms/unit-cell to find the lowest enthalpy space group structure for each composition. The relaxation performed during the structure search by using Perdew-BurkeErnzerhof (PBE) generalized gradient approximation (GGA) 68, 69 . For this, Vanderbilt plane-wave pseudopotentials 70 , 350 eV cutoff energy for wavefunction, and 0.8-0.02 Å -1 k-point for BZ integration were used. During the variable composition calculation, USPEX was set to produce 20
generations. Each generation contained 150 individual structures and all structures in the first generation was produced randomly. In all other generations, 20% individuals were produced through random based on space group symmetry, 40% individuals of one generation were applied to produce individuals of next generations by heredity, 20% generated through soft mutations, and 20% individuals were produced through transmutation. After the stable structure obtained, the structural relaxation was performed with 520 eV cutoff energy and 0.003 Å -1 k-point resolution to calculate formation enthalpy and lattice parameters. The vc-relax convergence criteria were set to 1 × 10 −8 eV/atom for energy, and 0.0001 eV/Å for force on each atom. The best convergence was obtained by using Thomas-Fermi (TF) charge mixing mode 71 .
By using strain-stress approach, elastic constants were calculated with CASTEP code 72 . The same pseudopotentials, functional, cutoff energy, and k-point were used in this calculation. The bulk modulus (B) and shear modulus (G) were obtained by using the calculated elastic constants within Voigt-Reuss-Hill scheme 73 . Chen 's formula was used to calculate Vickers hardness 74 .
Electronic structure, phonon dispersion, the density of states, and superconducting transition temperature were calculated using Quantum Espresso. In the electron-phonon coupling (EPC) parameter calculation, first Brillouin zone was sampled using a Fermi surface evaluation was performed using a two times denser k-point mesh of the above. The fully relaxed fractional atomic coordinates of predicted five ternary compounds are listed in Table-SI 1 . The corresponding Wyckoff symbol of these atomic coordinates is also presented. The symmetrized crystallographic information files (CIF) of these compounds are also included in this submission.
Fermi surface:
The calculated electronic structure and superconducting transition temperature predict that only B or both B and Be rich compounds (BeB2Ta and Be2B2Ta) shows superconductivity. In Ta The Fermi velocity of electronic states on the Fermi surface of the Ta-rich compound is much lower than that of either B or both Be and B rich compounds (as indicated by red colored region). The Fermi surfaces were drawn by using the FermiSurfer [1] . BeBTa has very small Fermi surface, like a carrier deficient compound. To get further information, the calculated projections of the atomic orbitals Be 2s2p, B 2p and Ta 5d to the electronic states on the Fermi surface of these compounds are shown in Fig. SI-2 . Be 2s2p and B 2p orbitals have no dominating regions in Ta 
